Connexins are a multigene family of structural proteins comprising gap-junctional channels, the aqueous pores that link electrically coupled cells in tissues throughout the body. These narrow passages (d Ϸ 16 Å) allow the intercellular exchange of ions, second messengers, and other small molecules having a molecular mass Յ1 kDa. In the course of forming gap junctions, the connexins oligomerize into hexameric arrays known as "connexons" or "hemichannels" that assemble in the plasma membrane before docking with the connexons of adjacent cells (1) . There is now abundant evidence that, at this penultimate stage of gap-junction formation, hemichannels can be activated both chemically and electrically (2, 3) , that their properties often reflect those of fully formed gap junctions (4) , and that the modulation of hemichannel activity may be of physiological significance (5) .
Light-induced changes in the chemical environment of the vertebrate retina have profound effects on both neurotransmitter-gated and electrical synapses; and these effects can, in turn, alter the sensitivity, receptive field organization, and signalling pathways that transmit the visual message to the CNS. One putative neuromodulator that has aroused a great deal of interest in recent years is zinc, which has been found in the synaptic vesicles of glutamatergic neurons in brain and retina (6) . In the retinas of amphibia (7), fish (8) , and mammals (6) , zinc is present in photoreceptors, which signal second-order cells by regulating glutamate release in response to photic stimulation. Although the co-release of zinc with glutamate remains conjectural (9), the effects it exerts on retinal neurons have not been explored extensively (8, 10) ; and no studies have addressed the question of its effect on connexins or the channels they form.
In the present study, we used the two-electrode voltage-clamp recording technique to examine the effects of zinc on the currents mediated by the connexons formed by the endogenous connexin (Cx38) of stage V-VI Xenopus oocytes, and those formed by perch Cx35, a connexin expressed in neurons of the vertebrate retina (11, 12) . To study the behavior of Cx35, cells were tested 48 to 72 h after they were injected with 46 nl of a mixture of 10 ng/cell Cx35 cRNA and 10 ng/cell of an antisense oligonucleotide to Cx38. The recordings were made with the cells bathed in a Na ϩ -free medium to eliminate the large Na ϩ -dependent currents that are similar in time course to the hemichannel currents, but of opposite polarity (13); zinc chloride was added without substitution. Responses were elicited with a series of 10-s pulses from a holding potential of Ϫ40 mV to ϩ60 mV (see protocol, Fig. 1B inset) , and were recorded with low resistance electrodes (0.7-1.5 M⍀) connected to a GeneClamp 500 amplifier (Axon Instruments, Foster City, CA) and controlled by protocols generated in pClamp 8 (Axon).
Data were analyzed in ClampFit (Axon) and plotted with software programs in Origin (Microcal Inc., Northampton, MA).
Membrane currents recorded in a sodium-free modified Barth's (MB) solution from Xenopus oocytes expressing Cx35 are shown in Figure 1A . The slowly developing outward currents characteristic of hemichannel activity are seen with depolarizing voltage steps Ն ϩ20 mV. After changing the bath solution to one containing 10 M zinc, substantially greater hemichannel currents were elicited at these voltages (Fig. 1B) . When the bathing medium was switched to one containing 1 mM zinc, the hemichannel currents were suppressed below those recorded in MB (Fig. 1C) . The I-V data obtained with an oocyte expressing Cx35 for the range of zinc concentrations tested are illustrated in Figure 1D . It is evident that relatively low concentrations of zinc (1 M and 10 M) produce enhanced current responses at depolarizing voltages Ն40 mV, and the effect is reversed when the Zn concentration is increased to Ն100 M. It should be noted that hemichannel currents recorded during experimental runs in which the solutions were delivered in reverse order (i.e., decreasing zinc concentrations from 1 mM zinc through 1 M zinc to Na-free MB) gave rise to the same biphasic behavior. Comparable results were obtained with Cx38 (Fig. 1E) , where we show, in addition, that the blocking effect of 1 mM zinc could be completely reversed by coapplication of 1 mM histidine, a zinc chelator. Hemichannel currents elicited by depolarizing voltage steps from Ϫ40 mV to ϩ40 mV from all oocytes tested were normalized to their control current in Na-free MB solution and averaged according to connexin type for each concentration of zinc applied. The results from 5 Cx35 oocytes (Fig. 1F ) and 11 Cx38 oocytes (Fig. 1G) were similar. Currents recorded in 1 and 10 M zinc were greater than in the control (MB) solution, but decreased when the cells were bathed in 100 M and 1 mM zinc. A return to MB (Fig. 1F) following a zinc series returned the hemichannel currents to their control values. Cells injected with the antisense to Cx38 alone (controls) did not exhibit significant hemichannel activity (results not shown).
The biphasic effect of zinc on membrane currents is not unique. As shown in an earlier study (8) , the addition of 10 M zinc greatly enhanced GABA-induced currents mediated by GABA A receptors (GABA A R) of skate bipolar cells; in contrast, the currents were markedly reduced when the cells were exposed to 1 mM zinc. Moreover, the zinc enhancement of hemichannel currents appears to be insensitive to voltage; currents in 1 M and 10 M zinc recorded at ϩ40 and ϩ60 mV were approximately 1.7 times greater than in MB, a finding consistent with that obtained for GABA A R-mediated currents of bipolar cells. These observations suggest that zinc may interact with connexins at two external membrane binding sites, with very different affinities for zinc. The high affinity site, activated at low concentrations of zinc, gives rise to an enhancement of hemichannel currents, whereas the low affinity site requires high concentrations of zinc to produce its inhibitory effect.
The present findings, and evidence that zinc is located within the synaptic terminals of vertebrate photoreceptors (7, 8) , raise the possibility that zinc modulation of hemichannel activity contributes to the processing of visual information in the distal retina.
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Figure 1. (A) Depolarizing voltage steps from Ϫ40 mV to ϩ60 mV in 20 mV increments (inset) elicit hemichannel currents in a Xenopus oocyte expressing Cx35. With the cell bathed in a sodium-free modified Barth's (MB) solution, in which most of the sodium is replaced by choline (Na ϩ reduced to Ͻ3 mM), a slowly developing outward current, attributable to the opening of membrane hemichannels, is evident at voltages Ͼ ϩ20 mV. The "Na-free" MB solution contained [in mM] C 5 H 14 NOCl [88], KCl [1], NaHCO 3 [2.4], N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES) [15], Ca(NO 3 ) 2 [0.33], CaCl 2 [0.41], and MgSO 4 [0.82]; 10 mg/l gentamycin was added, and the solution titrated with NaOH to pH 7.6. (B) With the addition of 10 M zinc chloride, the hemichannel currents are greatly enhanced. (C) Increasing the zinc concentration to 1 mM suppresses the hemichannel currents to levels below those obtained in MB. (D) The effects of zinc concentration on the current-voltage relation (corrected for leakage currents) obtained for an oocyte expressing Cx35. (E) The I-V relation for the endogenous connexin (Cx38
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When used as a general anesthetic, tricaine significantly alters physiological parameters recorded from supramedullary/dorsal cells of the cunner, Tautogolabrus adspersus. Specifically, tricaine reduces spike height, increases the current needed to elicit an action potential, and blocks afferent input (1). In contrast, equivalent recordings from locally anesthetized fish are not altered in this way. However, although the use of local anesthetic is a better alternative to tricaine general anesthesia for physiological recordings (1), there are limitations. Local anesthetics have a limited lifetime, are difficult to reapply while recording, and can enter the bloodstream.
As in other vertebrates, the telencephalic hemispheres of fish are considered to be the "highest" brain centers. For example, the telencephalon of goldfish has been implicated in spatial and avoidance learning (e.g., 2, 3). The removal of the telencephalon under transient tricaine anesthesia is used in lieu of general anesthesia in many laboratories (e.g., 4, 5). However, no studies have been conducted to determine whether tricaine-after its removal-affects physiological parameters of neurons whose somata lie within the central nervous system. We have therefore studied whether either the transient use of tricaine or telencephalon removal have any residual effects on resting potential, spike height, and current needed to elicit a spike.
Responses of supramedullary/dorsal cells to depolarizing current pulses and to electrical stimulation of the skin on the right operculum were recorded from cunner, 10.5 Ϯ 1.2 cm (mean Ϯ SD; n ϭ 22) in body length. The fish were either transiently anesthetized with tricaine during the removal of the telencephalic hemispheres, or were not anesthetized.
In the first condition, the fish were initially anesthetized in tricaine (ethyl-m-aminobenzoate; 300 mg/l, Sigma-Aldrich) in seawater adjusted to pH 8. When respiration ceased, the fish were transferred to an operating chamber where tricaine (100 mg/l) in chilled seawater adjusted to pH 8 was recirculated through the mouth and over the gills. Ice packs were placed in the operating chamber on either side of the fish. The skull was removed to expose the telencephalic hemispheres, and these structures were removed. The fish were injected with tubocurarine chloride (0.1 mg/kg) to block neuromuscular transmission, and then the seawater with anesthetic was replaced with anesthetic-free, chilled seawater. Finally, the rostral spinal cord was exposed. In the second condition no anesthetic was used. Fish were injected with tubocurarine chloride and placed in an operating chamber. Their telencephalic hemispheres and the rostral spinal cord were exposed. In seven experiments, the telencephalon was stimulated to determine whether any input to the dorsal cells could be elicited.
Single microelectrode recordings (3 M KCl-filled, 5-20 M⍀ initial resistance) were made from somata of supramedullary/ dorsal cell neurons in both anesthetic and anesthetic-free conditions. The recordings were all made within 78 Ϯ 43.4 m (mean Ϯ SD; n ϭ 26) of the surface of the brain.
After tricaine was used transiently to remove the telencephalic hemispheres, action potentials 102.1 Ϯ 9.4 mV (mean ϩ SD, n ϭ 16) in amplitude could be evoked by 4.5 Ϯ 2.9 nA current (initial recordings were started 68 Ϯ 55 min after removal of tricaine). In anesthetic-free experiments neither the spike height (103.3 Ϯ 12.5 mV, n ϭ 11) nor the current needed to evoke the spike (2.4 Ϯ 1.7 nA) was significantly different (P Ͼ 0.05; Bonferroni's Multiple Comparison Test). In addition, there were no significant differences in resting membrane potential (transient use of tricaine ϭ Ϫ74.1 Ϯ 5.8 mV; anesthetic free ϭ Ϫ72 Ϯ 7.1 mV). Post-synaptic potentials (PSPs) were readily evoked by stimulation of the skin of
